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We investigate the effects that variations in profile ehan specular reflectance and
polarization from a grating consisting of parallel limedrenches. We model the effects of
variations by calculating the reflectance of a supectire, in which the profiles are
randomly modulated about their nominal profile. We ingedd, as an example, a
nominal grating consisting of 100 nm silicon lines having éicadrsidewall angle, a pitch
of 200 nm, and a height of 100 nm probed with a wavelengg82fihm. We vary the
edge positions, the edge profiles, the line heights, antteheh depths and find that the
Stokes reflectance can be modified from its nominal valpa relatively large amount,
especially in the case of line-width variations. Wedfthat the reflected field can be
approximated by the mean field reflected by a distributiopeoiodic gratings and that the
field does not represent the field from the average prafileen fitting results to more than
one modeled parameter, the changes that are observée emough to shift the deduced

parameter in some cases by more than the rms variatitimat parameter. The diffuse



reflectance (the non-specular diffraction efficiensyfound to increase with the variance

of the fluctuations.

OCIS Codes: 050.0050, 120.2130, 120.3930, 290.3700

1. Introduction

The reflectance of a periodic array of lines on aas@fcan be very sensitive to the profile of that
structure. The semiconductor industry has capitalizethigsnsensitivity to measure line widths
and profiles of micro-fabricated structurgs:®>®1%12 Measurements generally consist of
recording the reflectance or polarization as a functab incident angle or wavelength from a
periodic test structure. Comparison of the measuremiginta library of simulated results for a
variety of different possible profiles yields the onbkieth matches the data best. The technique
has been dubbestatterometry in the industry, although rarely does it make use of tHasdify
scattered light or anything but the specular reflectance.

While the method is extremely sensitive to details efphofile, comparisons between
scatterometry instruments and other metrology methads not yielded ideal agreeméhtOne
of the assumptions that is generally made in the irg&pon of data is that the structure is
indeed periodic, and that any deviation from periodicity give same result as some “average”
profile. In this article, we investigate the validitiy/tbis assumption by performing Monte Carlo
(MC) simulations on extended gratings with randomized lefi We find that deviations from
periodicity do not give the same result as the fieldnftbe average profile, but rather that the

reflected field can be approximated by the mean field reftetly a distribution of periodic



profiles. Furthermore, the best fit simple profilethe MC simulated data can be shifted by a
large amount from that predicted by the average profile.

In Section 2, we outline the theoretical approach useeitimorm the MC simulations and
describe a mean-field model used to approximate the resnl&ection 3, we present the results
of those simulations and discuss them. Finally, ecti®&n 4, we draw some conclusions from

this work.

2. Theory

A. Grating Simulations

We use the rigorous coupled wave (RCW) analysis for sunfatief gratings developed by
Moharam, et al.,>” with a modification suggested by Lalanne and Mdrt improve the
convergence of the calculations for transverse-mag@eil) polarization. This method solves
the electromagnetic problem for a plane wave incident wpanedium having a dielectric
function £(x,y,z) = €, (x), which is periodic irx, independent of, and independent afwithin
each of a finite number of layers, indicated by inglexThe solution requires Fourier series
expansions of;(x) and1/g;(x) for each layer. In practice, the Fourier seriesusdated at
some maximum ordeN. We generally chos®&\ so that the shortest period of the Fourier

component considered is 10 nm.

B. Monte Carlo Simulations

We begin by considering an unperturbed grating having a pAgodro simulate variations in

the profile, we create random profiles having a total pefAig, = M A, (M an integer) and solve



for the scattering amplitude using the RCW method on #mget period. Generally, the

unperturbed grating gives rise to diffraction at discretections, given by
sing = sind+iA IN\,, (1)

where@is the incident angled is the diffracted angle, amtlis the wavelength of the light. The

simulated profiles having the longer period give rise tbratifion at additional directions, such
thati takes on fractional valuesd,, iM is an integer). We will denote these fractionalers as
diffuse orders, since they do not exist for the primary period, &M increases, the number of
these orders expands into a diffuse continuum as wbelexpected from a non-periodic
structure.

We consider four different perturbations of the profilleistrated in Fig. 1. In the first

case [Fig. 1(a)], we consider variations in the line epgsition. We letAx; and Ax; be

deviations of the left and right edges of ghéh line. We create realizations of the random
profile, using a pseudo-random number generator having a norstabwtion with standard

deviation . We further consider three different sub-cases of didge variation. Foline

R

position variation, we let Ax; =Ax?; for line width variation, we let Ax; =-Ax{; and, for

random edge variation, we let ijL and ijR be independent. In all calculations for the

simulation of line edge variation, since the side wales vertical, only one-level is required in
the RCW calculation.

The second profile perturbation corresponds to sidewall reasghfFig. 1(b)]. In this
case, the profile of the sidewall consists of retéibres of a random function having an rms

roughnes® and correlation length Realizations of the random function are generated by



_ 1 s : o
Ax(z)—Reﬂ—ﬁjmjctg(z)exp[wkH(z Z)] (2)

where ¢(k) is a uniform random function with interval (@j2and
9(2) = Aexp[-(z/T) 2] (3)

is the correlation functionA is adjusted to yield a specific rms roughness. (Egis derived
from a Fourier transform of the correlation funationultiplication by a random phase, followed
by an inverse Fourier transform. For a finite iagtrL, over which a realization of the function

is calculatedA is given by
A=om'*(LIT)"%erf(L/2r). (4)

Like the case of line edge position variation, wasider three different sub-cases, analogous to
line position, line width, and random edge variatioLine-edge variation is a special case of
sidewall roughness, where> L. For all simulations of sidewall roughness, thefife was
subdivided into 50 levels. The only correlationdéh considered was=10 nm.

The third profile perturbation considered is thhtioe height variation [Fig. 1(c)]. Here
we use a pseudo-random number generator havingn@ahdistribution with standard deviation
o to sample the perturbation of the height of eacé of the grating. To perform the RCW
calculation forM lines, we divide the grating intd discretez-levels. We sample thd heights

Az; from the distribution, sort the values in ascegdander, and use the differences between

heights to determine the thickness of each levathHevel only contains the lines which extend

to that level.



The fourth, and final, profile perturbation is thattrench depth variation [Fig. 1(d)].

The simulation for trench depth variation is penfied in a manner analogous to that used for
line height variation.

For each case, MC simulations were performed foeast 40 realizations of the surface
profile. The mean and the standard error for eagasorable parameter were found. We ided
= 10 lines for each realization, except in the aassidewall roughness, where we udéd= 5
lines, to compensate for the larger number of Eyeeeded and the resulting additional
computation time. The nominal pitety was 200 nm, the nominal height was 200 nm, and the
nominal width was 100 nm. The optical constantthefgrating material and the substrate were
those appropriate for silicon. The wavelength %32 nm, where the optical constants are
4.05 andck = 0.05, unless otherwise noted.

Simulations were performed for two incident orthogb polarizations at normal
incidence and 70° incidence perpendicular to thesli The Stokes parameters for incident light
linearly polarized at an angle of 45°,

Ro = 3lreel + ol
R = 3rrel =3l
R, =Rery Ty,
Ry =Imre T,

®)

are presented, where. and r;,, are the reflectance coefficients for light poladzwith the
electric field and magnetic fields along the linesspectively. Simulations in a conical geometry
with 70° incidence along the lines were also pentd, but the conclusions do not differ from

the others, and the results are not shown.



C. Mean Field Model

We compared the MC simulation results to those rofapproximate model to answer the
guestion of whether or not the field reflected byaadom pattern is the average of the field
reflected by a distribution of periodic patterri§the scattering by the lines is dominated by the
structure of each individual line, rather than img{line interactions, then we would expect this
statement to be true. If we consider the field tecatl by a periodic array of lines having

parameter (height, depth, width, or period) to li&a), then the field averaged over a normal

distribution of the parameteris given by

_ 1 - 2
<E>a_o-a N [daE(a)expi-@@-a, Y /27, ] (6)

whereap and o, are the mean and standard deviation,akspectively. Since the RCW theory

references the field to the top of the lines, waies in line height and line depth differ by the

introduction of an additional phase term
E(h) =E(d)exp(-2k,d) (7)

where k, = (2rr/A)cosf is thez-component of the wavevector. For variations me Width or
period, since the parameter is the rms variation of a single edge, it musbbme in mind that

comparisons between the Monte Carlo models mupefermed such thatg; ., = o+/2 for

random edge variationg, =20 for line width variation, ando emd=0/\/§ for line

inewidth — p

position variation. Eq. (6) is evaluated by num@riintegration, sampling the electric field at

discrete points. The mean field model is attractiif it proves to be accurate, because



simulations required to evaluate Eq. (6) are peméat anyways during construction of a

scatterometry library.

3. Results and Discussion

Figures 2 and 3 show results for the specular Stakflectance obtained from the MC

simulations for line edge variation and sidewalligbness. Results from both MC simulations
(symbols) and the mean field model (curves) aravshdt is apparent that line variation has a
relatively large effect on the reflectance of thaatmpg. Changes in the Stokes parameters

correspond, for example, to fractional changesheptpolarized reflectanc®, = R, - R,, of

almost 50 %, over the range of variations studee@n though the average profile is fixed and
the rms variations are less than 2 % of the wagtten

To assess the magnitude of these results and heyvntight translate into errors in the
dimensions extracted from data, the four MC-sinadaStokes parameters were least-squares

fitted to those calculated for simple profiles .(i.&ith period A,), letting line width and line

height be free parameters. It was found, for exantpat for random edge variation measured at
normal incidence [i.e., Fig. 2(a), open symbolkg best fit line height decreased at a rate of
approximately three times the rms variation, argl hbst fit line width increased at a rate of
approximately two times the rms variation. Someéhis unexpectedly large effect is due to the
large covariance between line height and line watt to the small number of data points (4)
versus the number of fitting parameters (2). Whideare varying only line edge position, we are
comparing the MC results to simulations where wiy \mth line width and line height. Thus,
the line height compensates for the fact that tbanmStokes parameters do not correspond to

those for a simple profile with the same height.sMgcatterometry instruments do not perform



measurements at a single wavelength and angleathdrruse a scan over one of these variables.
Thus, the specific example we give may not be mseprative of a realistic scatterometry
measurement. However, this simple comparison doggest that variations in line profile can
have an adverse effect in the profile determinatiiovariations in that profile are not considered.
Later, we discuss results where we MC simulate\geigagth scan.

The effects of sidewall roughness, shown in Figan@ 3 as closed symbols, are very
similar to those obtained for line edge variatioBince the sidewall roughness considered and
line edge variation represent two extremes in ¢atiom length of sidewall roughness, we
conclude that the correlation length has a relptiweak effect on the reflectance.

The effects of line width variation are much strenghan that observed for incoherent
line edge variation, which in turn are much strangfgan that observed for line position

variation. In fact, a change in the abscissa lierrandom edge variation results by a factor of

about~/2 maps them onto the results for line width variati®hese observations suggest the
reflection properties, at least for this particujaating, are dominated by the size of the features
rather than the space between them and that the-fiedh model would be an appropriate
approximation.

The results for the simplified mean-field model ar®@wn as curves in Figs. 2 and 3,
where variations in line width were consideréeé.[a in Eq. (6) was line width]. Most of the
trends observed in the MC results are reproduagdhiere is not a perfect match between them.
Presumably, differences between the mean-field imalé the MC results must be a result of
differences in the line widths between adjacemdihaving an effect on the reflection properties.
The case of line edge roughness matches the madelwell, while the corresponding case of

sidewall roughness does not match well at all, shgva much larger dependence upon rms



variation. While the models do not match perfecthg fact that the calculations required to
evaluate Eqg. (6) are performed anyway during thestraction of a scatterometry library may
make the mean-field model attractive for approxintathe effect of line edge variations, line
width variations, or sidewall roughness.

Figures 4 and 5 show the results for line heiglat ench depth variations. The effects
are less pronounced than for line edge variatiom, nonetheless significant. The qualitative
agreement between the MC simulations and the nmekhrhodel is also similar to that observed
for line edge variation. In this case, variatiomsrench depth were considerea] a in Eq. (6)
was trench depth], and the phase was appropriatigisted for the case of line height variation,
as described above.

Figure 6 shows the integrated diffuse reflectacedgulated by summing all of the non-
specular diffraction efficiencies, for line edgerigion and sidewall roughness at normal
incidence. Because the super-peridg chosen was different, there were six orders£1, +2,
and £3) summed in the case of line edge variatibilevonly two ordersi(= £1) summed in the

case of sidewall roughness. The results show aactaistic proportionality between the

integrated diffuse reflectance and the variancampaterg®. In all cases, the diffuse reflectance
is too small to account for any changes in the @sipeceflectance. However, the diffuse scatter
for line position variation is significantly lessan that for other cases of line variation, whigh i
in agreement with changes that are found to occthie specular reflectance. Table 1 shows the
fraction of the total diffracted light diffractedtd each of the orders for the three cases of line
edge variation. While only three orders appear acheside of the surface normal in these
simulations, the results in Table 1 suggest thattigular distribution of diffusely scattered light

would be very different for the different casesliné edge variation, at least in the case where

10



there are no line-to-line correlations. Line-tieelicorrelations would be expected to further
affect the distribution of diffusely scattered ligh

Figure 7 shows the MC-simulated normal incidencek&s reflectance of the structure
for wavelengths from 250 nm to 600 nm for the cafseandom edge variation wittr= 10 nm.
The behavior of the nominal structure, shown agl snlrves, does not approximate well the
behavior for the MC-simulation, shown as symbolsveng shifts in some regions of the
spectrum and significantly more structure. Thedt@ns of the mean field approximation,
shown as dashed curves, are much closer to the iGlasion of the perturbed profile,
especially at shorter wavelengths. At longer wangihs, correlations between lines ought to
become important, so that the mean field model @vail, but it is still a much better match to
the perturbed structure than that calculated femitminal, unperturbed grating.

A least-squares best fit of the MC-simulated restdta simple profile (i.e., with period

N\,), letting the line width and line height be fregrgmeters, yielded a width of 98.9 nm and a

height of 198.8 nm. The observed shift, 1.1 nm idthvand 1.2 nm in height, is much smaller
than that found for the single Stokes fit describbdve. The best fit curves were only slightly
better than those for the nominal profile, withiamprovement in the mean-square deviation of
only 5 %. A fit to a simple profile with an angletiewall, letting the top width, bottom width,
and height be free parameters, yielded a top waét®5 nm, a bottom width of 105 nm, and a
height of 200 nm. While a slightly better fit (sEay. 7, dotted curves) to the MC-simulation
than that for the simpler profile, the improvementhe mean-square deviation compared to that
of the nominal profile was still small, only 15 %Both fits only searched for the nearest local

minimum in the mean-square deviation and did natctefor a global minimum. However, it is

11



clear that with multiple fitting parameters, sigeéint systematic errors can result from the
neglect of the profile variation.

This study only investigated the effects of lineofje shape and did not consider
variations in that profile along thedirection. The latter variations are commonleredd to as
line-edge roughness (LER) and line-width roughr{e¥8R) when the position and width vary
along the line, respectively. LER and LWR are @aed important to microfabrication
because they may have an effect on device perfar@nand limit the precision of critical-
dimension scanning electron microscopy (CD-SEMpe €ffects of LER and LWR on specular
diffraction might be expected to follow those afdiposition variation and line width variation,
provided the correlation length of the roughnesthéy direction is significantly larger than the
period. It waits to be seen, until full three-dms®nal simulations are performed, what the
effects are of short correlation length roughness.

In all of the MC simulations that were performeugre were no line-to-line correlations.
The matching of the mean-field model to the MC-dated results would be expected to be
better if correlations between neighboring lineseveigher. Higher line-to-line correlations
would be expected in the cases of line height axeddepth variations, because, in practice, these
originate from non-uniform etching, deposition,aarating, or roughness of the initial material.
However, the cases of line edge variation, linetvigariation, and sidewall roughness tend to be
uncorrelated from line to line, except at distandagger than those typically used for
scatterometry targets (50 um to 100 um), becawsendthanisms that lead to the small distance
correlations are usually related to the photorestistcture, while those that lead to the large

distance variations are usually related to focusexposure.

4. Conclusions

12



This article described some Monte Carlo simulatioheeflection and scattering by randomized
gratings. The results indicate that the varioumfoof line variation, with the exception of line
edge variation, can have a large effect on thelteesaf scatterometry measurements and
interpretation. A mean-field model is suggesteat #pproximates the behavior found in the
MC-simulations in a number of different cases. Thedel is much more computationally
efficient, and uses calculation results that wailierwise need to be performed anyway during

scatterometry library generation.
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Tables

Table 1. Average fraction of power diffracted intidferent orders for normal illumination

calculated for line edge variation.

Order
+1 12 +3
Random edge variation 26 % 16 % 7%
Line width variation 21 % 16 % 13 %
Line position variation 10 % 21 % 18 %

Figure Captions

Figure 1: lllustration of the four different profile pertuabions considered in this study: (a) line
edge variation, (b) sidewall roughness, (c) lingylhievariation, and (d) trench depth variation.
The greyscale represents the refractive indexaxziplane; the profiles are independent ofyhe
direction. The profiles shown here are exaggeratedjng twice the maximum modulation
considered in the simulations. In both (a) andt{® case of random edge variation is shown.
Figure 2: Specular reflectance Stokes parameters calcuéstddnctions of rms variatioa for
normal incidence and for (open symbols) MC-simulaire edge variation, (closed symbols)
MC-simulated sidewall roughness, and (curves) thml#fied mean-field model. Three cases
are shown: (a) random edge variation, (b) line kidariation, and (c) line position variation.
The symbols and curves represent (squares, solide€uR, (circles, dashed curves);,R
(upward triangles, dotted curves), Rnd (downward triangles, dash-dot curves) R

Figure 3: Same as Fig. 2, except for an incident angle &f 70
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Figure 4: Specular reflectance Stokes parameters calculatéanations of rms variatioor for
normal incidence and for (a) line height variatiand (b) trench depth variation. The data
represent (symbols) the MC simulations and (curthke) simplified mean-field model. The
symbols and curves represent (squares, solid QuRgdcircles, dashed curves),Rupward
triangles, dotted curves),Rand (downward triangles, dash-dot curves) R

Figure5: Same as Fig. 4, except for an incident angle &f 70

Figure 6: Integrated non-specular diffraction efficiency foufrom MC simulation for normal
incidence as a function of rms variati@nfor (open symbols) line edge variation, (closed
symbols) sidewall roughness. Three cases are sH@gumares) random edge variation, (circles)
line width variation, and (triangles) line positigariation.

Figure 7: Normal incidence Stokes reflectance as a funatiowavelength for (symbols) MC-
simulated random line edge variation witts 10 nm, (solid curve) unperturbed profile, (dakhe
curve) the mean-field model, and (dotted curve)réseilt of a best fit to a simple profile with a

non-vertical sidewall, as described in the text.
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Figure 1: lllustration of the four different profile pertuabions considered in this study: (a) line
edge variation, (b) sidewall roughness, (c) lingylhievariation, and (d) trench depth variation.
The greyscale represents the refractive indexaxziplane; the profiles are independent ofyhe
direction. The profiles shown here are exaggerabadjng twice the maximum modulation
considered in the simulations. In both (a) andt{® case of random edge variation is shown.
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Figure5: Same as Fig. 4, except for an incident angle &f 70
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Figure 6: Integrated non-specular diffraction efficiency fioufrom MC simulation for normal
incidence as a function of rms variati@nfor (open symbols) line edge variation, (closed
symbols) sidewall roughness. Three cases are shH@gumares) random edge variation, (circles)
line width variation, and (triangles) line positigariation.
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Figure 7: Normal incidence Stokes reflectance as a funatiowavelength for (symbols) MC-
simulated random line edge variation wits 10 nm, (solid curve) the nominal profile, (daghe
curve) the mean-field model, and (dotted curve)réd®ilt of a best fit to a simple profile with a
non-vertical sidewall, as described in the text.
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